We developed site-specific fluorescent probes that permit simultaneous microscopic observation of G-and Pactin in bovine endothelial cells. Gactin distribution was visualized with fluorescein4eoxyubonuclea.w I (DNAse I). P a c t i n was labeled with phalloidin conjugated to the new longwavelength fluorophore BODIPY 5811591 (581-nm excitation, 591-nm emission), which is spectdy s h h to %as Red. The G-actin appeared as pervasive g m n fluotescence that was more intense in the nuclcar region, where cell thickness is greater and mess fibers are less frequent. In addition, we observed a punctate fluorescein pattem around the nuclei and in other parts of the cells, suggesting that some G-actin is localized to small discrete sites. Pactin was observed as red fluorescent filaments. Unlabeled DNAse I ef- A m y position, pokcy, or decision, unless so dengnated  by oficialabcumentation. Citations of commerctblorganiwtzons andtrade names in this report do not constitute an ofjckzlenabrsement orapproval of the products or services of these organizations.
Introduction
Actin is one of the most ubiquitous and evolutionarily conserved structural proteins of muscle and non-musde cells. It is usually present in two forms: G-actin (globular) and Pactin (fibrous) . The relative abundance of these two forms corresponds to cell requirements for structural rigidity, locomotion, and other intracellular events. The study of actin in endothelial cells is particularly interesting because the cells have the capacity to contract and move, reminiscent of smooth muscle (1) . Endothelial cells can take up modified low-density lipoproteins by receptor-mediated endocytosis and, by slowly transforming into foam cells, they are h l v e d in the processes that lead to atherosclerosis (2) . Although the presence of Factin and stress fibers in endothelial cells has been described extensively (1,3), additional information on the relative distribution of G-actin in relation to Factin is needed to understand the function of cytoskeletal actin in cell motility, permeability, and metabolism
The amount and distribution of Factin in non-muscle cells vary with fl~~tesCein-DNAse I and BODIPY 5811591-Or rhoda-
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with the age (9) , stage of differentiation (lo) , and the agent with which the cells are stimulated (11) . Rao and collaborators (10) have reported that the amount of Factin, as measured by flow cytometry using fluorescein-phalloidin, varies in transformed and untransformed cells, increasing in untransformed cells during the S-phase and in transformed cells during the G2and M-phases. In cells from bladder wash, the same authors were able to correlate a low content of Factin with increased risk for bladder carcinoma (12). Wong and Gotlieb (13) investigated the role of Factin filaments in maintaining the integrity of endothelial cell monolayers after different stimuli. Dense peripheral bands of Factin fibers were decreased and central bundles increased when the cells were exposed to thrombin and 12-o-teuadecanoyl-myristgl-13-acetate, whereas agents that caused rounding of the cells, such as plasmin and trypsin, did not decrease the peripheral bundles of Factin, although gaps were formed between cells (13).
The purpose of this study was to investigate the possibility of visualizing simultaneously G-and Factin in non-muscle cells by use of selective fluorescent actin probes. G-actin was probed with fluorescein-conjugated pancreatic DNAse I (MW 34,000), a naturally occurring inhibitor of actin polymerization (14). The 1 : 1 G-actin-DNAse I complex has been isolated and studied by X-ray crystallography (15) . In cell-free experiments, DNAse I has been shown to bind to G-actin with a & between M (16) (17) (18) and to bind relatively weakly to Factin with a & between Factin filaments were stained with BODIPY (Molecular Probes;
Eugene OR) 581/591-phalloidin and compared with the wellcharacterized rhodamine-phalloidin staining (19). BODIPY 5811 591, a new long-wavelength fluorophore that exhibits excitation and emission spectra similar to Texas Red (Molecular Probes), has less spectral overlap with fluorescein than rhodamine. Both rhodamine-phalloidin and BODIPY 5811591-phalloidin bind to actin with similar affinity. The dissociation constant for both is about 4 x 10-9 M was determined by Huang et al. (20) .
Staining patterns of the DNAse I and phalloidin probes were compared with those obtained with a monoclonal antibody to actin followed by either Texas Red-, Cascade Blue (Molecular Probes)-, or BODIPY %labeled goat anti-mouse IgG secondary antibody. The specificity of DNAse I for endothelial actin was also investigated by Westem blot analysis. and and M (17).
Materials and Methods
Bovine aorta endothelial cells (BAEC), prepared as previously described (9) . and bovine pulmonary artery endothelial cells (BPAEC; American Type Culture Collection, Rockville, MD, CCL 209) were grown on glass coverslips in RPMI supplemented with 10% bovine calf serum. After 3-4 days of incubation at 37% in a humidified chamber with 7% CO2, the coverslips were washed briefly in PBS to remove excess medium and fixed in PBS containing 3.7% formaldehyde for 15 min at room temperature (RT). They were subsequently permeabilized in 100% cold acetone at -2o'C for 5 min, rehydrated, and washed thoroughly in PBS.
Both direct and indirect immunofluorescence techniques were employed in the detection of G-actin monomers and Factin filaments. Before treatment with anti-actin antibody, fiied and permeabilized cells were incubated for 1 hr in PBS with 1% normal goat serum and 0.1% BSA to block nonspecific interactions. One-hr incubations with unlabeled antiactin antibody and fluorescent GAM were done at RT in a humidified chamber using 200 p1 PBS solution with 1% normal goat serum and 0.1% BSA per coverslip. After each incubation the samples were washed with PBS, then with distilled water. At the conclusion of the experiment the coverslips were dried thoroughly with a fine stream of compressed N2 gas. A drop of the antifade reagent SlowFade (Molecular Probes) was applied to the sample before the coverslip was mounted and sealed with nailpolish.
For simultaneously staining with anti-actin antibody and fluorescein-DNAse I, cells were fixed, permeabilized, and blocked in PBS with 1% goat serum and 0.1% BSA as described. The cells were then incubated with anti-actin antibody (10 pglml) for 1 hr, washed three times in PBS, and incubated for 1 hr with Tacas Red-GAM (10 pglml). Fluorescein-DNAse I(0.3 pM) was added during the last 15 min of incubation with either antiactin antibody or Texas Red-GAM.
For simultaneous staining with the anti-actin antibody and BODIPY 581/591or rhodamine-phalloidin, fixed and permeabilized cells were incubated with conjugated phalloidin (0.165 pM) in PBS for 30 min. washed thoroughly. and blocked for 1 hr before a 1-hr incubation with anti-actin antibody (10 pg/ml). The samples were washed and subsequently incubated for 1 hr with BODIPY FLGAM (10 pglml). Observations of fluorescein-DNAse I and BODIPY 581/591-phalloidin were made with a fluorescence microscope (Zeiss; Obcrkochen, Germany) equipped with a Texas Red-fluorescein dual-band filter (Omega Optical; Brattleboro, VT) that permits simultaneous excitation and detection of the two probes; with the dual-band filter, ovcrlap of the two fluorescence emissions appeared orange. The fluorescein-DNAse 1 and BODIPY 581/591phalloidin were also observed independently with single-band fluorescein and Texas Red filters, respectively. Fluorescein appeared much less photostable than BODIPY 581/591 and faded in less than 1 min. It was therefore difficult to accurately expose true color 3S-mm photographs with these multiply stained specimens. In addition, image registration from multiple exposures, using two or more single-band fluorescence filters, was imprecise due to small filter alignment differences in the filter holder. Images of multiply labeled specimens were most accurately composed by using a CCD camera to acquire single frames while using single-band fluorescein, Texas Red, or Cascade Blue filters independently, followed by registration alignment and pseudocoloring with an image processor (Image UAT; Universal Imaging, West Chester, PA). The digitally processed two-color images of samples stained concurrently with fluorescein-and BODIPY 581/591labeled probes appeared identical to the specimen staining pattern and color observed with the dual-band filter (see Figure 1A ). The specimens were visualized with either a x4Ol0.75 or x 100/1.30 (oil) Plan-Neofluar objective lens (Zeiss).
BAEC cells were ground in G buffer (5.5 mM triethanolamine. 0.55 mM B-mercaptoethanol, 0.1 mM ATP, 0.1 mM CaC12 and 2 mM sodium azide, pH 7.5) with a glass homogenizer and centrifuged at 8800 x g for 15 min to eliminate cell debris. The proteins in the supernatant were denatured with SDS under reducing conditions. As controls, chicken skeletal muscle actin, bovine skeletal muscle tropomyosin, and chicken gizzard tropomyosin (Sigma; St Louis, MO) were treated in parallel. Proteins and molecular weight markers were separated on pre-cast 12% SDS gels (Bio-Rad Laboratories; Richmond, CA) according to the protocol of Laemmli (22). After electrophoresis, gels were either stained with Coomassie brilliant blue or transferred to nitrocellulose by the Western blot technique at 50 mA for 16 hr (Hoefer Scientific Instruments; San Francisco, CA). The protein blot was then washed in distilled water and blocked overnight in G buffer containing 0.1% Tween 20.2% BSA and 10 x Denhardt's solution (0.2% BSA, 0.2% polyvinylpyrrolidone, 0.2% Ficoll). After a brief wash, the blot was incubated for 30 min in G buffer, 2% BSA, containing biotin-DNAse I (2 pg/ml) or anti-tropomyosin at the dilution of 1:400 or 1:800, as recommended by the supplier. The blots were washed five times in Tris-buffered saline, pH 8, with 0.1% Tween 20. Afterwards, the blots treated with anti-tropomyosin were incubated for 30 min with biotin-GAM (10 pg/ml). The washed blots were then reacted with streptavidin-alkaline phosphatase (1 pg/ml) and washed again. The enzyme was detected with NBT-BCIP in 100 mM diethanolamine and 5 mM MgC12, pH 9.5.
Results
The results illustrated here (Figure 1 ) were obtained with BAEC cultures; however, no differences were observed between the appearance and staining patterns of BAEC and BPAEC preparations.
Simultaneous staining of G-actin with fluorescein-DNAse I and of F-actin with BODIPY 5811591-phalloidin ( Figure 1A cade Blue-GAM ( Figure 1D ) together with fluorescein-DNAse I and BODIPY 581/591-phalloidin revcaled G-actin as a diffuse green fluorescence in the cytoplasm (Figures 1B and 1E ). with higher intensity in the nuclear region where cell thickness is greater. F-actin appeared as well-defined filaments and stress fibers that enveloped the cell in complex radial and circular networks ( Figures IC and  IF) . In agreement with the findings reported by Cao et al. (23) . punctate structures of condensed fluorescein-DNAse I were typically present throughout the cell and around the nucleus. Some F-actin filaments appeared adjacent to these small areas of concentrated G-actin.
Competition experiments using 3 pM unlabeled DNAse I prevcnted the staining of G-actin with its fluomcein derivative but did not &t the typical appearance of the Factin network labeled with BODIPY 581/591-phalloidin (data not shown).
The observation of single-labeled cells with either fluorescein-DNAse I or BODIPY 581/591-phalloidin indicated that the fluorescence signals from the fluorescein and BODIPY 5811591 were reasonably well isolated by the fluorescein and Tcxas Red bandpass filters, respectively. Observation of weak overlap between the two signals was apparently due to relatively weak staining of fibrous structures by the DNAse I conjugate.
To investigate the selectivity of the phalloidin and DNAx I conjugates, we treated the cells with an anti-actin monoclonal antibody followed by Texv Red-or Cascade Blue-GAM. The overall staining pattern was similar in appearance to that obtained with the fluorescein-DNAse I and BODIPY 581/591-or rhodaminephalloidin ( Figure I) , i.e., the antibody appeared to stain both G-and F-actin. The Cascade Blue secondary antibody conjugate displayed the unusual property of staining the nuclear region (Fig  ure ID) in addition to the Gand Factin. This peculiar staining artifact was not observed when either Tcxas Red-GAM or BODIPY FLGAM was used; the staining pattern revealed by these two sccondary antibody conjugates appeared to directly correlate with that obtained with Gand F-actin probes. Despite the nonspecific nuclcar staining, we c h a to ux Cascade Blue-GAM as the third probe because of its intense fluorescence and minimal spectral overlap with fluorescein and BODIPY 581/591 conjugate.
From our mults. it appears that simultaneous labeling with all three probes is possible. DNAse I and phalloidin bind the same cell structures to which anti-actin antibody binds, although possibly at different sites of the molecule. as neither staining technique significantly interferes with the other one.
In our SDS-PAGE experiments. purified chicken actin was run in parallel or added to the endothelial cell extract to demonstrate that the control actin and the endothelial actin exhibit the same mobility. Biotinylated DNA= I appeared to associate only with the actin band but did not interact with the tropomyosin band (Figures 2 and 3) . This selective staining of actin indicated that the relative amount of tropomyosin in endothelial cell extract was insignificant or that the complex formation of DNAse I-tropomyosin was disrupted by the SDS treatment. Native gels were not at- action with tropomyosin in BAEC cultum, Western blots of isolated tropomyosin from two different sources and of chicken actin were probed with two monoclonal anti-tropomyosin antibodies, clone TM311 and clone TM228. In the endothelial cells, TM3ll/secondary antibody gave a staining pattern similar to that obtained by the simultaneous treatment of G-and Factin with fluorescent DNAse I and phalloidin (data not shown). Clone TM228 did not stain endothelial cells evcn at a concentration 100 times higher than the recommended one. The presence of this antibody (1:400) in the fluorescein-DNAse I incubation step did not inhibit or alter the staining of G-actin by this probe. In Western blots (Figure 3 ). both m311 and TM228 stained tropomyosin from either bovine mwde or form chicken gizzard. Clone TM311, however, also stained actin, suggesting that the staining of endothelial cells obtained with this antibody should be d u a t e d with caution. Biotinylated DNAse I-streptavidin-alkaline phosphatase stained only the G-actin bands.
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These results indicate that tropomyosin, if present in endothelial cells, may not interfere with the staining pattern of G-actin with fluorescent DNAse I.
Discussion
The staining patterns of G-and Factin obtained in this study are very similar to those reported by others (24,25). By staining with fluorescein-DNAse I, we have observed punctate regions of concentrated G-actin similar to those observed in Wang's laboratory using an anti-actin antibody (23). The peripheral circular pattern of stress fibers in BAEC, as revealed by the Factin-specific staining with BODIPY 581I591-phalloidin (Figure l This observation is consistent with reports that the amount of stress fibers in the cell may relate to the necessity to adhere or move (26, 27) . In endothelial cells grown to confluence in culture, the peripheral core of stress fibers decreases considerably as the culture ages and cell appearance approaches that of endothelium in vivo (9) . Factin filaments have also been implicated in maintaining the integrity of the endothelial cell monolayer, which is often subject to rapid changes in distribution on stimulation of the endothelium with various agents (13) .
Tropomyosin, a protein that binds along the longitudinal axis of Factin filaments, is a h present in some non-muscle cells (28) .
Fluorescent anti-tropomyosin antibody produces a staining pattern similar to that revealed by fluorescent anti-actin antibody in nonmuscle cells (29) . As previously described in Results, one of the two monoclonal anti-tropomyosin antibodies tested (Clone TM311) also stained actin in Western blots, suggesting that this antibody is contaminated with anti-actin. Therefore, because of the abundance of actin in endothelial cells, both the G-and Fforms are stained by this antibody, revealing a pattem similar to that obtained by the simultaneous use of fluorescent DNAse I and phalloidin. DNAse I binds muscle and non-muscle tropomyosin, forming a 2:l complex of DNAse I to muscle tropomyosin (30, 31) . However, G-actin-DNAse I interactions do not appear to be altered by tropomyosin (17, 30) . This seems to indicate that DNAse I has different binding sites for G-actin and tropomyosin or a significantly reduced relative affinity for tropomyosin. Since tropomyosin does react with DNAse I (32), it was important to confirm that the pattern of staining observed with this probe is due specifically to the distribution of G-actin. The Western blot of total cell proteins shows that only the band corresponding to actin reacted s i g " l y with biotinylated DNAse I, demonstrating that DNAse I in our experimental conditions associates with endothelial actin (Figures 2 and 3 ). Furthermore, intracellular tropomyosin, as visualized by anti-tropomyosin antibody staining, exhibits a filamentous pattern, not a diffuse distribution (29) . A filamentous tropomyosin distribution in endothelial cells would preclude a DNAse I-tropomyosin complex of the diffuse nature observed in our experiments. Given the significan$y smaller amount of intracellular tropomyosin compared with actin (33), we conclude that the diffuse DNAse I staining in endothelial cells is due exclusively to G-actin and that some of the weakly labeled filamentous structures were a result of the relatively weak interactions with Factin. We found that biotinylated DNAse I associates with actin that has been denatured by SDS. We speculate that actin partially renatures during blotting. This association is consistent with data reported by Sutoh (34) , which indicate that DNAse I binds to the CB-10 fragment of G-actin containing Lys-50, Lys-61, Lys-68, Tyr-53, and Tyr-69, amino acids located in relatively close proximity on a short region ofthe actin sequence. In addition, anti-actin antibody can be obtained by using actin purified on SDS-PAGE as an immunogen (35) . The actin amino acid sequence therefore appears to be more important than the intrinsic actin geometry for either association with DNAse I or antibody production.
We have demonstrated that visualization of G-and Factin can be obtained simultaneously, thus providing information on the qualitative relationship between the two forms of actin ( Figure 1 ). By staining endothelial cells with anti-actin antibody followed by fluorescent secondary antibody, wc have obtained patterns very similar to those obtained by simultaneous labeling with DNAse I and phalloidin. This observation confirms the specificity of the probes for actin and suggests that the various probes recognize unique binding sites. The exact spatial relationship between intracellular G-and Factin labels remains unknown. The distribution of G-actin may be related to cell requirements for distribution and formation of Factin. Altematively, G-actin may be distributed uniformly throughout the cell as a consequence of simple minimization of the free energy of G-actin in a complex intracellular membrane network. Although the biochemical and physical relationships between G-and Factin in intact cells are still too complex to unravel at this time, the ability to apply multiple fluorescent labels is a significant advancement in the study of these relationships.
We have shown that endothelial actin can be triple-labeled with fluorescent conjugates of DNAse I and phalloidin and monoclonal anti-actin antibody in conjunction with fluorescent GAM. This observation indicates that the three probes, although specific for actin, bind to different sites of the molecule. The patterns obtained by exciting the triple-labeled preparations at the maximal wavelength for each probe were similar to those obtained by staining with each probe independently. Therefore, competition for binding sites among the different probes does not appear to be significant. Further advances in labeling methods may allow advanced imaging techniques to quantdy the spatial and temporal relationships of intracellular actin.
